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THE  FRACTURE  OF  THERMOSETTING  RESINS 
AFTER  EXPOSURE  TO  WATER 


SUMMARY 


This  report  considers  the  importance  of  molecular  weight  and 
molecular  weight  distribution  in  determining  (a)  the  hydrolytic 
stability  and  (b)  the  fracture  toughness  of  thermosetting  resins. 

Experimental  work  (still  incomplete)  is  described.  Several 
orthophthalic  polyester  resins  have  been  prepared  and  characterised, 
and  some  of  them  fractionated  by  precipitation  with  solvent  :  non¬ 
solvent  mixtures.  The  fracture  parameters,  hot  water  resistance  and 
property  retention  characteristics  of  the  original  resins  are  being 
compared  with  those  of  the  fractions,  with  a  two  year  period  of 
immersion  in  distilled  water  at  50°C.  Medium  and  high  molecular 
weight  fractions  show  improved  hot  water  resistance. 

Molecular  weight  distributions  are  being  measured  by  gel 
permeation  chromatography  and  adjusted  by  combinations  of  synthetic, 
blending  and  fractionating  procedures. 
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THE  FRACTURE  OF  THERMOSETTING  RESINS 
AFTER  EXPOSURE  TO  WATER 


I.  INTRODUCTION 

1.1  Project  objectives 

This  project  was  undertaken  because  of  a  belief  that  the 
environmental  degradation  of  reinforced  plastics  is  dependent  on 
the  fine  details  of  matrix  structure.  It  aims  to  show  that  widely 
different  kinds  of  behaviour  can  be  obtained  when  batches  of  resin 
are  immersed  in  a  given  fluid  at  a  fixed  temperature,  even  when 
the  batches  are  always  made  from  the  same  starting  materials  in 
the  same  proportions,  and  cured  with  the  same  hardeners  in  the 
same  proportions  on  each  occasion.  The  kind  of  structural 
details  believed  to  have  importance  are  the  molecular  weight  and, 
more  precisely,  the  molecular  weight  distribution  (MWD)  of  the 
resin  prior  to  crosslinking.  Most  industrial  R  and  D  has  related 
to  molecular  weights  rather  than  MWDs. 

The  work  carried  out  so  far  has  been  entirely  concerned  with 
unsaturated  polyester  resins,  but  almost  certainly  the  conclusions 
have  some  applicability  to  epoxide  resins  also.  The  previous 
annual  report  (1)  described  a  preliminary  study  of  the  behaviour 
of  a  single  batch  of  an  isophthalic  polyester  resin  in  hot  water. 
The  degradation  of  this  resin  was  monitored  by  several  means,  and 
the  mechanical  properties,  notably  fracture  toughness,  were 
recorded  both  for  wet  and  dried-out  samples.  A  mechanism  for 
degradation  was  proposed  (see  section  1.2).  This  work  gave  some 
idea  of  how  a  polyester  resin  becomes  embrittled  in  hot  water  over 
a  period  of  nearly  two  years,  but  it  did  not  involve  introducing 
structural  variables. 

The  next  phase  of  the  work,  described  here,  concerns  resins 
made  with  the  same  starting  materials  as  before  except  that 
phthalic  anhydride  rather  than  isophthalic  acid  was  employed. 

Such  resins  are  termed  orthophthalic,  and  a  whole  series  has  now 
been  prepared  and  characterized.  They  differ  only  in  molecular 
weight  and  molecular  weight  distribution. 

The  intention  is  to  establish  whether  average  molecular 
weight  is  the  important  factor  distinguishing  the  rates  of 
embrittlement  of  these  resins  by  hot  water,  or  whether  the 
dispersity  and  the  shape  of  the  MWD  curves  obtained  by  gel 
permeation  chromatography  (GPC)  is  also  important.  More 
specifically,  it  is  hoped  that  the  role  of  low  molecular  weight 
components  can  be  ascertained. 
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1.2  Polyester  resin  degradation  in  water 

Polyester  resins  differ  from  most  epoxides  in  containing 
hydro lysable  groups.  However,  it  does  not  follow  that  these 
groups  are  entirely  responsible  for  polyester  degradation,  since 
the  fracture  toughness  and  other  mechanical  properties  of  amine- 
cured  epoxides  are  also  severely  affected  by  hot  water  innersion  (2) . 
The  previous  report  proposed  the  following  mode  of  degradation  of 
polyesters : 

(1)  Water  uptake,  leading  to  reversible  plasticization  and 

reduction  in  modulus. 

(2)  Slow,  slight  leaching  of  non-bound  substances  originally 

present . 

(3)  Attraction  of  water  by  osmosis  to  sites  of  local 

concentrations  of  phase-separated,  water-soluble 
impurities  in  the  resin. 

(4)  Osmotic  cracking  at  these  local  sites. 

(5)  Accelerating  hydrolysis  caused  by,  and  occurring  at  or 

near  to  the  edges  of  the  osmotic  cracks. 

(6)  Further  leaching  of  the  hydrolysis  breakdown  products, 

with  net  weight  loss. 

(7)  Proliferation  of  osmotic  cracks. 

The  novel  feature  of  the  report  was  the  specific  identification 
of  the  chief  impurity  contributing  to  the  osmotic  pressure  generation. 

1.2  propane  diol  was  shown  to  have  a  major  effect  on  crack  onset  time. 
This  observation  is  important  because  commercial  resin  manufacturers 
sometimes  deliberately  add  extra  diol  to  their  resins,  and  others 

do  not  take  steps  to  minimise  trace  residual  glycol  content  at  the 
synthesis  stage. 

Polyester  resins  made  from  isophthalic  acid  are  believed  to  be 
more  water-resistant  than  orthophthalic  ones.  (That  is,  they 
absorb  less  moisture,  and  undergo  fewer  changes  in  mechanical  and 
other  properties) .  The  only  reasons  why  isophthalic  resins  should 
be  more  resistant  are  (a)  because  there  may  be  some  inherent 
superiority  in  the  isophthalic  ester  group's  resistance  to 
hydrolysis  and  (b)  because  isophthalic  resins  are  commonly  of 
rather  higher  molecular  weight. 

This  raises  the  question:  what  is  the  effect  of  average 
polycondensation  chain  length  on  water  resistance?  There  are  four 


factors  to  consider. 

(i)  The  concentration  of  chain  ends,  C. 

This  is  inversely  proportional  to  number- average  molecular 
weight,  Mp.  There  are  two  kinds  of  ends:  carboxylic  and 
hydroxyl.  Carboxylic  groups  probably  have  a  catalytic 
effect  on  hydrolysis,  and  like  hydroxyl  ends,  attract  water 
into  the  resin.  Attempts  have  been  made  to  determine  whether 
blocking  the  ends  with  various  blocking  agents  reduces  the 
rate  of  hydrolysis  and  minimises  its  adverse  effect  on 
laminate  mechanical  propertiesjbut  with  inconclusive 
results  (3) . 

(ii)  The  number-average  length  of  the  polycondensation  chains,  Mn. 

The  higher  Mj,  is,  the  greater  the  average  number  of  styrene 
bridges  by  which  a  given  chain  is  connected  to  the  network 
and  therefore  the  greater  the  number  of  hydrolytic  scissions 
required  to  sever  the  polycondensation  chain  from  the 
network  completely. 

(iii)  The  proportion,  in  the  network,  of  non-bound  chains,  CN. 

For  convenience,  it  is  not  necessary  to  distinguish  betw^  en 
unreacted  monomer  and  non-bound  oligomers;  they  can  all  be 
regarded  as  short  chains,  which  have  never  been  linked  to  the 
network  either  because  they  do  not  contain  the  necessary 
functional  groups  (i.e.#  unsaturation)  or  because  cross- 
linking  was  incomplete.  Some  examples  are  given  in  fig.  1. 

(iv)  The  solubility  of  the  above-mentioned  species  in  water. 

Water  solubility  favours  osmotic  crack  generation,  and 
accelerated  hydrolysis  because  of  the  enhanced  surface  area 
provided  for  water  contact  by  internal  cracks. 

It  appears  probable  that  optimum  water  resistance  would  be 
achieved  by  synthesizing  a  resin  with  the  highest  possible  molecular 
weight,  and  then  removing  the  low  molecular  weight  "tail",  i.e.  by 
maximizing  and  then  minimizing  Cpj.  It  remains  to  be  seen  whether 
this  would  result  in  optimum  mechanical  properties,  and  the  question 
of  fracture  toughness  is  considered  in  the  next  section. 
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2.  THE  FRACTURE  OF  POLYESTERS 

2.L  The  fracture  of  crosslinked  resins 


Fracture  mechanics  concepts  have  been  applied  to  many  polymers. 
Early  investigations,  related  to  the  fracture  of  uncrosslinked 
thermoplastic  glasses,  e.g.  polystyrene  and  polymethylmethacrylate 
(PMMA)  have  been  reviewed  by  Rosenfield  and  Kanninen  (4) .  More 
recently,  the  fracture  of  crosslinked  polymers  has  been  reviewed  by 
Pritchard  and  Rhoades  (5)  and  by  Young  (6) .  Many  of  the  studies  of 
the  fracture  of  brittle  organic  polymers  reported  values  of  the 
fracture  surface  energy,  derived  by  halving  the  value  of  the  strain 
energy  release  rate,  Gc.  Recently,  there  has  been  increased 
emphasis  on  the  measurement  of  Kc,  the  critical  stress  intensity 
factor  (7-9)  and  on  the  use  of  specimens  for  which  the  stress 
intensity  factor  is  independent  of  crack  length  (10) . 

Most  thermosetting  resins  are  found  to  fulfil  the  requirements 
for  application  of  linear  elastic  fracture  mechanics  (LEFM) .  Some 
account  is  taken  of  plastic  flow  at  the  crack  tip,  but  the  plane 
strain  plastic  zone  radius  should  be  less  than  one  fiftieth  of  the 
crack  length  (11) .  Typical  published  values  for  Kc  and  Gc  for  various 
crosslinked  polymers  are  given  in  table  1.  (7-9,  12-19) . 


TABLE  1. 


Literature  values  of  Kc  and  G^  for  crosslinked  polymers 


Polymer 

Kc 

Gc 

Ref. 

MNm-3/2 

Jm-2 

Unsaturated  polyester 

20 

12 

<1 

II 

0.72 

65 

9 

" 

II 

80 

13 

ii 

II 

24 

14 

tl 

II 

0.84 

15 

H 

II 

0.56 

90 

16 

F.poxidc 

(Araldite  CT  200) 

0.56-0.74 

8 

il 

il  tl 

10-200 

17 

II 

Epikote  828 

330 

18 

II 

II 

0.9 

800 

7 

M 

ERLA  4617 

80 

19 

If 

will  be  noted  that  some 

of  the  values 

are  given  as 

ranges ; 

these  reflect  the  effect  of  such 

variables  as 

the  degree  of 

cross- 

1 ink ing 

and  molecular  weight. 
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2.2  Fracture  and  molecular  weight 


To  our  knowledge,  no  systematic  study  of  the  effects  of 
molecular  weight  on  the  fracture  toughness  of  unsaturated  polyester 
resins  has  been  reported.  Kusy  and  Turner  (20)  among  others  have 
investigated  the  effect  of  molecular  weight  on  the  fracture  surface 
energy,  1iGc ,  of  uncrosslinked  PMMA  and  found  that  increasing  the 
molecular  weight  increased  the  toughness.  They  subsequently  found 
that  this  result  could  be  correlated  with  observations  of  the 
fracture  surfaces  (21).  This  has  led  to  a  generalised  theory  of 
the  total  fracture  surface  energy  of  glassy  organic  polymers, 
based  on  number-average  molecular  weight  (22) .  Attempts  had 
previously  been  made  to  predict  such  a  relationship  (12,  23). 

There  must  be  great  doubt  whether  such  work  has  any  substantial 
relevance  to  crosslinked  polyesters,  but  it  can  be  noted  that  at 
low  M  ,  Gc  was  small  and  constant,  while  at  high  ,  Gc  was  large 
and  constant;  in  between,  there  was  a  transition  region.  The  range 
of  Mn  values  over  which  failure  could  be  described  using  LEFM  was 
established.  Other  workers  have  found  that  fracture  behaviour  is 
better  correlated  with  the  weight-average  molecular  weight,  M^. ,  than 
with  Mf) .  This  suggests  that  the  longer  chains  have  particular 
mipor  tance . 

A  detailed  investigation  of  the  fracture  toughness  of  vinyl 
urethane  polymers  crosslinked  with  styrene  provides  an  apparent 
analogy  with  the  present  study,  since  the  effect  of  prepolymer 
chain  length  on  the  fracture  toughness  of  the  crosslinked  polymer 
was  examined  (24) .  It  was  found  that  the  fracture  toughness 
increased  with  increasing  chain  length,  but  since  there  were  only 
two  crosslinks  per  chain,  any  increase  in  produced  an  automatic 
decrease  in  crosslink  density.  The  reverse  is  the  case  with 
unsaturated  polyesters.  The  effect  of  degree  of  crosslinking  on 
fracture  parameters  has  been  studied  for  methacrylates  by  Broutman 
and  McGarry  (12),  for  epoxides  by  Yurechko  et  al.  (25)  and  for 
un::,.‘.e, rated  polyesters  by  Pritchard,  P.hondes  and  Rose  ( 16). 
kartsovnik  and  Rosenberg  have  compared  crosslinked  epoxides  with 
linear  glassy  polymers  (26). 

This  present  study  is  concerned  with  the  effect  of  both  and 
the  dispersity,  Mw/ M  ,  of  the  prepolymer  or  the  initial  fracture 
toughness  and  on  toughness  retention  in  hot  water.  We  expect 
increases  in  M  to  increase  toughness,  but  the  role  of  dispersity 
is  more  difficult  to  predict.  At  constant  Mn ,  an  increased 
dispersity  means  an  increase  in  the  concentration  of  both  the  longer 
and  the  shorter  prepolymer  chains.  While  the  longer  ones  probably 
contribute  to  toughness,  the  shorter  ones  could  either  increase  it 
by  promoting  crack  blunting,  or  reduce  it  by  facilitating  inter - 
molecular  Motion.  There  are  few  published  studies  of  the  effect  of 


MWD.  Selby  and  Miller  suggest  that  a  small  excess  of  epoxide 
hardener,  over  the  stoichiometrically  required  quantity,  could 
blunt  the  crack  tip, raising  toughness,  while  greater  excesses 
would  reduce  it  (7).  Owen  and  Rose  (9)  found  that  the  addition  of 
a  second,  plasticizing  resin  produced  a  minimum  toughness  at  a 
certain  concentration.  Kinloch  and  Williams  observe  that  local 
crack  blunting  by  water  can  increase  toughness  (27) ,  and  Christiansen 
and  Shortall  (14)  also  envisaged  that  small  molecules  in  cross- 
linked  polyesters  would  have  this  effect.  Our  own  work  on  the 
isophthalic  resin  system  (1,  28)  showed  that  5%  w/w  glycol  increased 
toughness  by  about  40%,  at  the  expense  of  water  resistance. 

2.3  Fracture  and  degree  of  cure 

One  variable  requiring  control  in  this  study  is  the  degree  of  cure 
of  the  resin.  The  effect  of  postcure  time  on  the  fracture  touqhness 
of  the  isophthalic  resin  has  already  been  reported  (1).  Astbury  ana 
Wake  (29)  found  that  postcuring  epoxy  resins  caused  substantial 
increases  in  the  aggregate  size  of  supermolecular  globular  structures 
or  nodules,  and  this  affected  the  fracture  behaviour.  An  effect  of 
postcure  time  on  fracture  and  nodular  morphology  in  an  epoxy  resin 
was  also  observed  by  Mijovic  and  Koutsky  (18) ,  but  they  attributed 
the  change  in  fracture  energy  to  additional  crosslinking  in  the 
internodular  matrix.  Degree  of  cure  is  not  being  investigated  in 
this  project,  and  standardized  cure  schedules  are  employed. 

2.4  Environmental  effects 


The  effect  of  absorbed  low  molecular  weight  substances  on  the 
structure  of  cross  linked  polyesters  has  been  investigated  recently 
by  Prokofyeva  (30).  The  molecular  and  supermolecular  structural 
changes  were  found  to  be  independent  of  network  density,  but  dependent, 
on  chain  mobility  and  on  the  flexibility  of  the  polyester  chains. 

There  is  little  published  information  on  the  effect  of  absorbed 
liquids  on  the  fracture  characteristics  of  polyesters,  but  exposure 
to  various  humidities  for  up  to  three  years  at  66°  to  93  C  has  been 
investigated  (41).  A  decrease  ir.  tensile  strength  and  in  elongation 
at  fracture  resulted.  Investigations  of  the  effect  of  water 
immer sion  on  the  fracture  toughness  of  polyesters  have  been  made  by 
Diogwa  (13)  and  by  Pritchard,  Rose  and  Taneja  (15)  but  both  were 
relatively  brief  exposure-t ime  projects.  The  reliability  of 
accelerated  test  programmes  at  elevated  temperatures  is  being  studied 
in  a  separate  project  in  this  laboratory,  with  a  view  to  understanding 
the  necessary  conditions  for  forecasting  by  extrapolation. 
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3.  EXPERIMENTAL  APPROACH 
3.1  Introduction 


This  account  is  not  a  definitive  summary  of  procedures;  it  is 
designed  to  outline  the  reasons  for  the  procedures  adopted,  and  to 
indicate  the  state  of  progress  at  the  time  of  writing. 

3.2  Resin  synthesis  and  characterization 


It  would  be  desirable  to  produce  a  series  of  well-characterized 
polyester  resins  having  widely  differing  Mn  and  MWD,  and  to  determine 
the  relationship  between  the  initial  mode-1  plane  strain  critical 
stress  intensity  factor,  Kj^,  and  these  structural  parameters,  before 
going  on  to  environmental  degradation  studies.  This  was  basically 
the  intention,  but  two  difficulties  arose. 

(a)  it  is  difficult  to  produce  unsaturated  polyester  resins  of 
very  high  M^.  Methods  have  been  proposed  for  producing 
saturated  polyesters  with  abnormally  high  molecular  weights, 
but  these  methods  were  judged  to  be  impractical  for 
urisaturated  polyesters.  Consequently  the  highest  Mn  achieved 
by  standard  procedures  was  only  about  1800.  The  molecular 
weights  of  these  "original"  resins,  synthesized  by  the  method 
already  given  (1)  were  then  in  some  cases  enhanced  by 
fractionation,  to  achieve  Mn  values  of  up  to  4700,  but  the 
fractionation  process  naturally  altered  the  MWD.  It  also 
introduced  other  problems;  traces  of  solvent  could  sometimes 
be  retained 


(b;  It  became  apparent  that  although  most  polyester  resins  do 

fulfil  the  requirements  for  LEFM,  some  of  the  medium  and  low 
molecular  weight,  resins  prepared  to  this  formulation  showed 
significant  departures  from  linearity  in  stress-strain  tension 
tests,  although  without  necking.  The  values  obtained  for  K 
wer*  in  many  cases  dependent  on  temperature  and  strain  rate 
t.o  .i  greater  extent  than  those  already  reported  for  the 
isophthalie  resin.  Values  for  KIC  must  therefore  be  qualified 
by  noting  the  non-linearity  associated  with  certain  resins; 
these  will  be  identified  in  the  final  report. 

The  resins  synthesized  by  the  standard  procedure  were 
condensed  for  various  periods  of  time  to  achieve  various  values. 
a  ore : imlnary  estimate  of  the  state  of  the  reaction  on  completion 
'.In  l'n-  d  by  an  acid  vat  ao  (or  acid  number)  titration,  and  14 
r  ’sins  hav»  so  far  been  produced,  with  acid  numbers  ranging  from  14 


\ 


to  54  (see  tig.  2 )  ..  dei  •  rmiiiut  ions  weit-  wide  in  dioxano  solution 

by  using  a  Knauet  vaijour  phase  osmometer  (V  O),  and  in  most,  cases  the 

heat  distox  t  ion  temper at  ore  (HliT)  .<t  the  crcssl inked  resin  was 

measured  by  the  method  of  R.S.  27H3  (102  G)  to  ensure  that  this 

o 

always  exceeded  the  water  i  cuiio  rsion  temperature,  i.e.  50  C. 

Hydroxyl  number,  Ferranti  viscosity,  re]  time,  residual  glycol  and 
volatile  content,  de-term  i  na  t  ions  .-.r>  ied  out  on  some  of  the 

resins.  The  cis-tx  uiih  isomerization  ratio  was  checked  by  NMR  using 
the  two  peak..-  (narked  d,  1  on  'he  spectrum  shown  in  fig.  3.  Initial 
tensile  and  compressive  properties  are  being  determined  for  each 
resin.  (Character  iza  L  ion  is  incomplete).  The  resins  ire  listed  m 
table  2. 

j .  3  _  Resin  identification  ■  odes  in  table  2. 

Kach  x  asi.i  waa  assigin.i  a  code  number,  for  reference  purposes . 
i  j  consisted  of  '-'■■■■  i.mm  ■  1  lowed  by  c  one  or  twe  digit  number  , 

hi  .  Tlte  <  '  '  7  •  1  :>!  it  cates  a  l-l  end  (approx .  50:50)  of 

■  •  '  /  (■  wit):  '(V  ]  ■  1  •chi-  vo  a  .(...sited  M  .  The  .dc-s 

■  i.  hV  eh  acd  o/  j .  i  .  '•  .(O'.-t  ively  to  the  high,  middle  and  low 

•  ■■■.■;  -Td  >  i  .••(  iMc.-i  by  t  cacti  nata ny  renin  FY  ft 

i  ,i  ;g  i: ,  v  .  tii...  i  .  i  .  i'll-  •(■•  hAB  refers  to  a  "t  ail -eh-  >pped" 

vex  six  i,  .[  . 

3.1  Ft  ••  _■  >.;  J  t  I  ..  i  J 


I-  ,.,  '  : ..  ....  -a  i  possible  to  adopt  idealised 

prc  cdur.  ,  .  •  :  ,.i  •  t  :  •  ;  r...  -,f  fractionated  resin.  The 

:*.  ,i  i . .  mevi.'cp.'  ,  elution  chr  oma  t  oa  •-  aphy ,  and 

‘-■j..1  ,.nal  p.  ...  ■  p<  t  at  .ion  iuiiiy  large  quantities  of  fractionated 

.  • ,  ft  act  •  .."I.  i  pu-.  ■  t  ;  u-  :  i  ..-yarded  as  the  most  pi  .action  1 
d,  alt.'"  '.■!■;)('  !  •. 'Jiivis  ar  i  '  c  f  totn  efficient.  Ideally,  if  fractions 
row  !,-«•• '  ...u;  .■('!*  ( •  v  U  ■  lien  are  to  be  obtained  the 

..  ,p<-/.  .  merit  a  i  .-ondi  •-  .  jiei'ul’y  ■  .losen.  Solvent  and  nor - 

.  ..  u<  .  >  ;  V  ’  •  •  i  f1,.  w-n  v  i  n  ;  t  emnejut  u  rr 

t  ii. g  .  .  -mu  •  ii"  ■  t  :<  ..id  h-i  *  a  good  precipitating  power . 

.  ..  J.  ‘  -  .  •  s  r  ■  t  case  in  solubility  with 

.:iven  |H“>lymer  series.  The 

.:■  <  '  d  i  '■  i  ••  i  ’■  f  the  polymer  in  the 

,  -  i  •  •  .  '  j.,;  ••  :...  .  :■  . -i  a!  « '■  ;  temper  at'ire  of  the 

1  ■  •  .  ,lt:-  'r.'ui  .  ,i  .;  ii  --vd  slowly  luring  precini  tut  ion , 

•  *t  *  .  ••  p-l:  j  i :  >wcd  i  >  se*  tie.  Hie  supernatant  phase 
s  ho  .  ..  ,  .  •  ■•••  •.  ipd  i  a*  ed  phase  is  recovered 

i  i  he?  "V  ("V’uu  or  by  •  ...  lath  n  ■  ■,  a  large  excess  of  precipitant. 

T);:."  .  i  ,.  (p  '  !  >o.  :  f  p  j  t  ant  is  added  to  the 

'  '  '.  .■  ■  ■  .  ,.•'  (!  j.in,  and  the  operation 


Each  polymer  species  is  partitioned  between  two  phases.  All 
polymer,  regardless  of  chain  length,  is  more  soluble  in  the 
precipitated  phase,  but  the  smaller  species  will  be  distributed  at 
more  nearly  equal  concentrations  in  the  two  phases.  This  may  be 
regarded  as  an  entropy  effect. 

For  efficiency,  the  ratio  of  the  volumes  of  the  supernatant  to 
precipitated  phases  should  be  as  large  as  possible,  but  since  the 
precipitated  phase  is  highly  swollen,  this  objective  can  be  achieved 
only  by  using  a  veiy  dilute  polymer  solution.  Unfortunately,  the 
requirement  for  obtaining  large  quantities  of  fractionated  polymer 
(and  subsequently  removing  all  traces  of  solvent,  since  this 
interferes  both  with  mechanical  property  measurements  and  with 
hydrolytic  degradation  studies)  makes  the  use  of  very  dilute 
solutions  hipsiy  inconvenient. 

As  a  resuat  of  these  difficulties,  the  method  used  was  much 
simplified  in  comparison  with  the  above,  and  designed  to  proos 
just  three  fractions,  each  of  which  was  expected  to  overlap 
considerably  with  the  next. 

' fy  pi  i.  Procedure 

g  ot  ;oiyestrt  r.s.n  (without  styrene)  was  dissolved  in 

IV<  c”  icetone.  This  solution  was  stirred  in  a  two-necked,  pear- 

Mi.iv..  .  flask  fitted  with  a  t«t  funnel  for  addition  of  non-solvent, 

o  o 

and  a  train  tap.  Petroleum  ether,  40  /60  ,  was  used  as  non-solvent, 

and  added  drop.wj to  the  solution  with  constant  stirring  by  a  glass 

propel"  m  When  the  ratio  of  solvent  to  non-solvent  was  3  to  1 ,  the 

mixture  was  left  to  settle  overnight,  and  the  lower  layer  removed. 

The  so  1  ;•  t /non-solvent  mixture  contained  in  this  layer  was 

o 

di.- tilled  off  under  vacuum  at  ambient  to  50  C,  with  final  vacuum 
s trip;--  ny  at  lo-3  tiro  Ha . 

More  non-’.olvent  was  added,  to  make  a  solvent  to  non-solvent. 

•io  t  i  i.  The  precipitated  resin  layer  was  removed,  and 
tre.it. ed  as  before.  Finally  the  remaining,  upper  layer  was  removed 

V'aOiUin*  K  Cl  1  p)  *t*f i  • 

.j_rc 

11 1 e  t ..  n...  licit  fractions  were  submitted  for  GPC 

•  mi  r.-»t  icn.  .  ••-■/..  •  ’  G!,C  systems  were  tried,  involving  three 

.  .  i  .  i  ni  ui,  i  ,.  .  .  The  values  for  Mn  and  obtained  must  be 

cot.  .i  leruu  s-_t  i.  .  n.  /  for  comparison  within  a  given  system,  since 
•.a!  inrat ho/  d-u  vtors,  columns  etc.  affect  the  result. 

( .  ...  <  ,  .-.i.  it.'  given  in  table  3,  where  each 

t .  i.  "■  ‘  ••  it  i  i  he  GPC  laboratory)  and  a  number 

used  at  a  given  laboratory) .  In 
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the  majority  of  cases,  and  unless  otherwise  stated,  reference  will 
be  to  results  obtained  by  system  A2.  A2  differed  from  A1  only  in 
that  A2  computed  average  molecular  weights  after  taking  into 
account  all  of  the  very  low  molecular  weight  oligomers  in  the  resin, 
whereas  A1  ignored  these.  System  A2  gave  values  nearest  to  those 
obtained  by  VPO. 

Fig.  4  shows  the  GPC  curves  obtained  by  system  A2  for  the  resin 
coded  CW  1  along  with  its  high  fraction  CW  1A.  It  should  be  noted 
that  the  areas  under  the  two  curves  are  not  comparable,  since  the 
detector  response  scales  are  different.  *n  of  the  high  fraction 
(by  GPC)  was  approximately  doubled. 

Systems  Bl,  B2  differed  from  each  other  only  in  the  detectors 
used.  They  gave  lower,  but  nevertheless  plausible,  values  of  Mn. 

Fig.  5  gives  a  qualitative  description  of  the  efficiency  of  the  first 
attempt  at  fractionating  a  resin.  Fig.  6  gives  actual  molecular 
weights  obtained  by  the  Bl  system  for  the  same  base  resin,  computed 
using  Q-factors  (32.33)  obtained  by  the  method  outlined  in  fig.  7. 
Systems  Cl,  C2  gave  still  lower  values  but  similar  MWD  curves. 

3.6  Initial  mechanical  properties 

The  determination  of  KJC  is  being  performed  by  the  method 
already  given  (1).  Measurement  of  the  compressive  properties  of  the 
resins  after  casting  is  by  standard  procedures,  essentially  the  same 
as  those  described  by  Kinloch  and  Williams  (27).  A  more  detailed 
account  of  this  aspect  of  the  project  will  be  given  subsequently. 

3.7  Exposure  in  hot  water 

Fracture  toughness  specimens  are  being  immersed  in  distilled 
water  at  50  C  and  periodically  weighed,  measured  and  observed  for 
disc  cracks.  At  various  time  intervals  samples  are  broken  in  order 
to  obtain  fracture  or  compressive  data.  Cracks  are  sharpened  after 
irrmersion  and  samples  tested  either  in  the  wet  state  after  cooling 
in  cold  water,  or  att.ei  prolonged  drying  at  50  C  under  vacuum. 

PESULTS  AND  COMMENTS 


Only  an  interim  report  can  be  provided  at  this  stage,  since  the 
specimens  are  being  subjected  to  ageing. 

Fig.  8  shows  the  water  absorption  characteristics  of  three  resins 
of  Mjj  875,  1592  and  2215  (by  VPO).  The  water  absorption  rate  is 
clearly  lowest  for  the  highest  Mn  value  over  the  first  2500  hours, 
and  although  the  lowest  Mn  resin  then  shows  a  lower  net  weight  increase, 
its  behaviour  is  consistent  with  advanced  leaching  (1) .  The  water 
absorption  of  the  highest  %  resin  at  50  C  is  unusually  low,  considering 
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the  specimen  geometry.  It  should  be  noted  that  this  sample  was  a 
fraction. 

Table  4  gives  the  time  to  onset  of  disc  cracking  for  four 
resins  of  various  acid  values  and  Mjj  values.  This  shows  improvements 
with  high  molecular  weights  and  also  shows  the  most  desirable 
behaviour  to  be  associated  with  a  fractionated  sample. 

Table  5  lists  resins  obtained  by  fractionation  of  those  given  in 
table  2. 

It  is  already  clear  that  the  water  resistance  of  the  resins  is 
improved  by  increasing  and  by  removal  of  the  low  molecular 

weight  fraction.  The  effect  of  these  operations  on  initial  and 
retained  KIC  will  be  reported  later,  along  with  other  mechanical 
property  results.  The  evidence  to  date  suggests  that  fractions  A 
and  B  (high  and  medium)  have  initially  higher  KIC  values  than  the 
original  resins.  At  a  temperature  of  around  30°C,  the  fracture 
surfaces  of  some  of  the  resins  change  from  featureless  to  rough, 
with  a  doubling  of  toughness.  The  dependence  of  KIC  on  temperature 
is  given  for  one  of  the  lowest  molecular  weight  resins  (DY  6)  in 
fig.  9. 

5.  CONCLUSIONS 

A  large  number  of  polyester  resins  have  been  prepared  and 
characterized  using  various  analytical  techniques.  The  initial 
mechanical  properties  are  being  measured  and  correlated  with  GPC 
data.  Some  of  these  resins  have  been  fractionated,  and  it  is 
already  apparent  that  medium  and  high  molecular  weight  fractions 
show  superior  water  resistance,  although  their  property  retention 
performance  has  yet  to  be  assessed.  Some  of  the  resins  do  not  show 
linear  stress-strain  behaviour  in  unnotched  tensile  experiments. 

Work  is  still  proceeding. 
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LIST  OF  RES I NS  SYNTHESIZED 


Vacuum  applied  for  30  minutes  during  synthesis. 
(Blank  spaces  indicate  data  still  incomplete) . 


TABLE  3 


OUTLINE  OF  GPC  SYSTEM  CONDITIONS 


System 

Code 

Cali¬ 

bration 

Column: 

Packing  Size  Range 

(A°) 

Solvent 

„  n 
Cone. 

(%) 

Detector 

Al,  A2  as  for  Styragel 

polystyrene 

100  to  500 

T.H.F. 

0.2 

Refractive 

index 

Bl 

/.  4 

Micro- 

styragel 

100  to  lO** 

T.H.F. 

0.2 

Refractive 

index 

B2 

Q-  17-  1 

Micro- 

styragel 

lOO  to  lO1* 

T.H.F. 

0.2 

ultra¬ 

violet 

c  i 

0=21.3 

Styragel 

60  to  3x10 5 

T.H.F. 

5.0 

Refractive 

index 

C' 

2=21- 3 

Styragel 

500  to  lxlO5 

dichloro- 

methane 

5.0 

Refractive 

index 

TABLE  4. 

TIME  TO  ONSET  OF  DISC  CRACKING 


Resin  acid  value 

Time  to  onset  of 
internal  disc  cracking 
at  50°C  in  distilled  water 
(hours) 

54 

850 

26 

3600 

20 

4760 

★ 

17 

5170 

* 

This  was  a  middle  fraction 
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Fig.  2. 
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Q  denotes  vacuum  applied  during 
closing  stages  of  synthesis 
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Acid  Number  (mg.  KOH/g.  resin) 
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Fig.  5.  Qualitative  GPC  (system  B] )  of  resin  JG  2  and  its  three  fractions 
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